ABSTRACT
INTRODUCTION
The utilisation of renewable energy (RE) resources as an alternative energy is an important element in the national policy of many countries in the world. Factors such as unpredictable supply, demand and price of fossil-based energy, and its associated environmental issues have increased the interests to consider alternative and clean energy. Demand for RE is growing, in particular the biomass energy in the form of solid biofuel. This is to safeguard energy security and enhance fuel diversification. According to the International Energy Agency (IEA), biomass is the largest RE used today, contributing to about 10% of the world's primary energy supply (IEA, 2016) .
As the world's second largest palm oil producer, Malaysia is blessed with an abundance of biomass, mainly generated from the oil palm plantations and the palm oil milling process. Assuming that the weight ratio (wt/wt, %) of mesocarp fibre, palm shell and empty fruit bunch (EFB) to fresh fruit bunch (FFB) is 13%, 6% and 23%, respectively, the total solid biomass generated from all palm oil mills (453) alone in Malaysia was 36.05 million tonnes (wet basis) based on 85.84 million tonnes FFB processed in 2016 (Kong et al., 2014; MPOB, 2017) . These resources have been used as fuel either for domestic consumption in palm oil mills, industrial sector or grid-connected biomass power plant. Recently, oil palm biomass, particularly EFB has been identified for use as a raw material for the production of pellets or briquettes as a solid biofuel.
Pellet is an upgraded form of biomass fuel mainly made from wood or agriculture waste through the densification of loose biomass. It has long been used for heat and electricity generation for residential, commercial and industry uses. Recently, biomass pellets have been used commercially by some of the developed countries for co-firing with coal or as a sole fuel for electricity generation. The production and consumption of biomass pellets have increased significantly since 2008. According to Matthews (2015) , the global biomass pellet production from wood was 28 million tonnes in 2015 (Figure 1 ). Seventy-five percent of the world's wood pellets were consumed by European countries, followed by North America (14.3%) and Asian countries, mainly South Korea and Japan (7%) (Murray, 2016) . The world's pellets demand is projected to grow to 50 million tonnes in 2024 (Walker, 2014) .
In producing palm biomass solid biofuel from EFB, two main processes are involved; namely the pre-treatment of raw EFB followed by the compacting process. This approach reduces moisture, increases the bulk and energy density, enables easy transportation and logistics as compared to its raw material, thus expanding the use and marketability of EFB as uniform solid fuel (Kylili et al., 2016) . The potential and characteristics of EFB pellets have been studied by many researchers (Erlich and Fransson, 2011; Rahman et al., 2013; Lam et al., 2014; Munawar and Subiyanto, 2014) . However, most of these studies focused only on the EFB pellets production and quality characterisation at the research and development (R&D) stage with scarce information on commercial production, EFB pellets specification and the resulting environmental impacts. One of the accepted methods to quantify such environmental impact and outputs of a product is the Life Cycle Assessment (LCA) (Vijaya et al., 2008; Reed et al., 2012) . It is also known as one of the principal decision support tools to assess the flow dynamics of resources.
By using LCA, the environmental impacts of the technology used and the production process for oil palm solid biofuel can be evaluated. The impacts are not only associated with the biofuel production, but also with the transportation of the feedstock and product as well as the greenhouse gases (GHG) emissions from solid biofuel burning (Magelli et al., 2009) . All these will determine whether the oil palm biomass utilisation via solid biofuel production is environmentally sustainable to the oil palm industry and its potential users. Hence, this study aimed to determine the properties of EFB pellet produced from commercial plants and to develop primary data to evaluate and address the environmental impact of EFB pellets production from different production approaches using the LCA tool.
MATERIALS AND METHOD

Analysis of EFB Pellets
The pellets were collected from four production plants located in Peninsular Malaysia. The samples Figure 1 . Global wood pellet production 2000 -2015 (Matthews, 2015 . (Acda and Devera, 2014) . The ultimate analysis to determine carbon (C), hydrogen (H), nitrogen (N) and sulphur (S) was performed according to ASTM D5373 using a CHNS analyser (LECO CHNS 628). The concentration of oxygen (O) was calculated by difference between 100% and the sum of C, H, N and S. The concentrations of trace elements focusing on alkaline metals [e.g. phosphorus (P), potassium (K), calcium (Ca), and magnesium (Mg)] and chlorine (Cl) were determined using a flame atomic absorption (AAS) (Perkin Elmer Analyst 400) and a scanning electron microscopy energy dispersive X-ray (SEM-EDX) (Hitachi Bruker), respectively. The density kit (Mettler Toledo ML-DNY 43) was used to determine the density of the pellets. The bulk density of the pellets was determined according to EN 1097-3 as described by Theerarattananoon et al. (2011) . Holmen pellet durability tester (NHP 100) was used to determine the pellet durability (PD) in accordance to EN14961-2. Durability is defined as the ability of the pellets to withstand destructive loads and force, in particular during pellet transportation (Theerarattananoon et al., 2011) . All the analyses were performed in triplicate. The results were compared to the European (EN 14961-2) and International Standard (ISO 17225-6) on wood and non-wood pellets.
LCA Study
A gate-to-gate assessment using LCA approach was performed on the production of EFB pellets for four commercial plants. The starting point of the system boundary was at the receiving yard of the production plant where the feedstock i.e. EFB was received. The end point was after the production of pellets. The functional unit of this study was 1 t solid biofuel produced. Questionnaires were prepared and sent to the four EFB pellet producers for data acquisition and site visits were conducted for data verification. The data required were raw material usage, production quantity, diesel fuel for internal vehicle, electricity consumption, and biomass fuel or steam for drying purpose.
The data obtained were used to establish a Life Cycle Inventory (LCI) for the assessment of Life Cycle Impact (LCIA) using the RECIPE Methodology of Simapro Software version 8.0.4. The LCA was used to identify the environmental impact, GHG emissions and establish baseline information and database for a comprehensive assessment of the environmental and energy profile of the EFB pellets production. The GHG emissions from electricity and diesel usage were determined using the global warming potential (GWP) and emission factors (EF) provided by the Wisions Sustainable Energy Project Support programme (SEPS). The EF for electricity and diesel were 0.000594 t CO 2 eq kWhr -1 and 0.00268 t CO 2 eq litre -1 , respectively (Vijaya et al., 2010) .
RESULTS AND DISCUSSION
Characterisation of EFB Pellets
EFB pellets obtained from the four production plants were produced using a ring die technology with 8 mm die diameter. The pellets were relatively uniform in size with their length (L) and diameter (D) being within the acceptable range as required by the EN 14961-2 and the proposed ISO 17225-6 (D: 8.0 ± 1.0 mm, L: 31.5 < L < 40.0 mm) ( . Factors such as high MC and non-homogenous size of the feedstock may influence the pelletising process thus affecting the bulk density of the resulting pellets. Probably, the use of raw EFB as the feedstock with deteriotrated property in plant D compared to other plants which used either pressed or shredded EFB had resulted in a lower bulk density. Nevertheless, the pelletising process somehow managed to increase the bulk density of all the EFB pellets compared to its typical <200 kg m -3 for the raw biomass (Stelte et al., 2011; Nunez et al., 2012) . Besides improving the energy density, high bulk density also facilitates the logistics and trading aspects of the pellets, in particular during transportation and storage either for both the producers or users (Acda and Devera, 2014) . The specific density of the EFB pellets was also comparable to the typical density value of biomass pellets (Stelte et al., 2011) .
The proximate analysis and CV of the EFB pellets are summarised in Figure 2 . On average, the results showed that the EFB pellets had comparable moisture and CV to that of wood pellets stipulated in the EN 14961-2 except for a higher ash content i.e. >6 wt.% ( Table 3 ). The high ash content, in particular those from plants A and B was probably caused by the contamination with soil and dirt due to the poor handling of the raw material either at the palm oil mills or the pellet production plant, as well as during the transportation of the material to the production plant. The treated EFB was also temporarily stored on the ground at open space prior to delivery to the production plant for processing. A higher ash content of the EFB fuel may contribute to lower CV of the pellets as ash is an incombustible matter which will not contribute to heat release during the combustion process (Chin et al., 2013; Loh, 2017) . Ash content can be reduced through pre-screening of the feedstock prior to pre-treatment and pelletising process or if the production plant is within a palm oil mill complex. Raw material pre-screening has been implemented in plant C meanwhile plant D is Besides the ash content, the MC could also influence the CV. In general, the findings indicated lower CV of the produced EFB pellets with higher MC and thus, would affect the combustion efficiency as heat is mainly used to evaporate the water during the initial stage of combustion (Chin et al., 2013) . Nevertheless, pelletising of EFB had significantly reduced the MC from >65 wt.% in the raw EFB to <9 wt.% (Loh, 2017). Though not specified by both the EN 14961-2 and ISO 17225-6, the VM and FC of the produced EFB pellets were reported in Figure 2 and Table 3 as these two are among the important combustion parameters. The VM of EFB pellets (64 -72 wt.% ) was quite similar to that of wood pellets (72 -85 wt.%) but was much higher compared to coal e.g. 35 -40 wt.% (McKendry, 2002; Mitchell et al., 2016) . According to Loh (2017) and Mckendry (2002) , this range of VM facilitates ignition and makes subsequent combustion process better for biomass fuel than coal.
As shown in Figure 3 and Table 4 , the major constituents of EFB pellets were O, C and to a limited extent, H, making up >95 wt.%. These elements, particularly C and H have positive effect on CV (Obernberger et al., 2006; Loh, 2017) . The C content in EFB pellets was lower than wood-based pellets, thus reflecting the lower CV of EFB pellets compared to its wood counterpart (Erlich and Fransson, 2011; Acda and Devera, 2014) . The N and S contents of a fuel give rise to undesirable emissions i.e. NO x and SO x during the thermal processes. The N content in the produced EFB pellets ranged 0.24 -0.95 wt.% i.e. within the acceptable level stipulated in the EN 14961-2 (≤1.0 wt.%) and ISO 17225-6 (<2.0 wt.%). On average, the S was relatively higher compared to wood pellets standard, i.e. >0.08 wt.% but still within the limits set under the proposed ISO 17225-6 for non-wood pellets (Table 4) . Nevertheless, the N and S contents are generally considered very low among the biomass fuels, and if at all emitted during combustion, would be minimal or even negligible (Acda and Devera, 2014; Loh, 2017) .
This study also indicated that EFB pellets contained higher Cl and alkaline metals. The Cl content (0.6 wt.%) was higher compared to the required EN 14961-2 (≤0.03 wt.%) and ISO 17225-6 (≤0.5 wt.%) specifications. The alkaline metals wt.% thus requiring the most electricity and heat (steam) for drying of the feedstock among all the plants. This implied that plant D demanded the highest amount of energy (400 kWhr t -1 electricity and 3 t steam) for the whole EFB pre-treatment which ideally could be first tapped from the existing palm oil mill biomass boiler and then the remaining from the grid. However, the plant chose to tap entirely from the grid. The diesel consumption for these production plants was relatively low, i.e. 1.0 litre t -1 (min) and 3.0 litre t -1 (max) as it was mainly used internally as a forklift fuel.
On average, the electricity used for the production of 1 t EFB pellets (160 -400 kWhr t -1 ) was higher compared to EFB briquettes (138 kWhr t -1 ) and wood pellets (132 -145 kWhr t -1 ) (Reed et al., 2012; Chiew and Shimada, 2013; CORRIM, 2012) . This was mainly due to an energy intensive technology used to pre-treat and improve the poor characteristics of raw EFB. The total GHG emissions of the plants varied from 0.1 t CO 2 eq t -1 to 0.241 t CO 2 eq t -1 of EFB pellet produced ( Table 7) . As expected, plant D had the highest GHG emissions due to the high electricity consumption in processing the raw EFB as a feedstock, compared to other plants which utilised the semi-treated EFB for pellets production. Although there was possibility to use renewable electricity generated from the mill to treat raw EFB, plant D relied totally on electricity from the national grid to secure consistent and sufficient power supply. The so-called surplus energy supply by the mill was somehow limited and depending on the mill's operation hours, the availability of the biomass fuel and its power requirement. The study also showed that >87% of the total GHG emissions was attributed to heavy consumption of electricity from the grid. Figure 4 compares the various impact categories for the production of 1 t EFB pellets for all the four plants. The LCIA results showed that the significant impacts ranked from major to minor as particularly K which was >1.0 wt.% compared to <0.1 wt.% in wood-based pellets (Chandrasekaran et al., 2012) . Though this element was not emphasised in the specifications of the EN 14961-2 and ISO 17225-6, its presence together with S and Cl would adversely affect biomass combustion in the furnace (fouling, slagging, corrosion) and pollutant emissions (Jenkins et al., 1998; Loh, 2017; Obernberger et al., 2006) . This could hinder the export potential of EFB pellets, particularly to the developed countries.
The PD of EFB showed the mean value i.e. 96.45%, which was slightly lower than the minimum requirement (>96.50%) of EN 14961-2 and ISO 17225-6 (Table 5) . MC plays an important role in establishing the PD of biomass pellet. It has been reported that pellets with moisture between 8.6% to 14% could have PD between 95.9% and 96.8% which is comparable with the results obtained in this study (Theerarattananoon et al., 2011) . This characteristic influences the strength and resistance of the pellets to withstand physical disintegration and impact during handling and transportation (Tumuluru, 2014) . High PD reduces the possibility of pellets breaking up into pieces and dust, thereby providing easy handling and a safer and cleaner working environment for the operator.
LCA Study
The LCI (Table 6 ) and GHG emissions (Table  7) were established based on the inventory data collected from the four production plants. Table 6 details the type and quantity of EFB as feedstock, consumption of electricity, diesel, biomass and steam for drying purposes of the EFB feedstock. Generally, plants A, B and C used either pressed or shredded EFB as a feedstock for pellets production. The feedstock was mechanically treated at the nearby mills to reduce the size and MC before transporting to these plants. Plant D is within a palm oil mill and used raw EFB as an input for the pellets production, follows: fossil depletion > climate change human health > particulate matter > climate change ecosystem > human toxicity. This was due to the heavy dependence and consumption of ongrid electricity and diesel for pellets production at all the plants. Nevertheless, the potential of the resulting EFB pellets as solid biofuel would provide a net benefit on the energy balance along the supply chain by offsetting the fossil-based energy required to produce pellets (Reed et al., 2012) .
It has been reported that the technology for the production of solid biofuel from EFB has a lower impact in most of the impact categories compared to other palm-based biofuel technologies such as those for the production of biogas, combined heat and power (CHP) and bioethanol when assessed using the CML2 baseline (200) methodology (Chiew and Shimada, 2013) . The environmental impact of EFB pellets production is mainly due to the high consumption of on-grid electricity and this can be reduced by using electricity efficiently, or better still, by tapping renewable electricity generated from available CHP or biogas plants (Mahalle, 2013) .
CONCLUSION
This study showed that the commercial EFB pellets fuel properties were comparable to the minimum specifications of the EN 14961-2 (for wood pellet) except for the higher ash, S and Cl contents. Cl content was the only parameter which exceeded the requirement of ISO 17225-6. Therefore, the information collected from this investigation on EFB pellet fuel can be used as a reference for standard development, commercial exploitation or the designing of biomass energy conversion system. As it was found that the environmental impact resulting from the production of EFB pellets was mainly due to the heavy consumption of fossil fuels, a more efficient utilisation of the fossil-based (grid) electricity and its displacement by renewable fuels could be explored. The findings of this study can be used for expanding the scope of the LCA study of oil palm biomass pellets, e.g. cradle-togate assessment. This will ensure that sufficient information is available to mitigate potential adverse environmental impacts in the stages of the value chain production of EFB pellets.
